Introduction {#s1}
============

Thromboangiitis obliterans (TAO) or Buerger's disease is an inflammatory, occlusive disease of small and medium-sized arteries and veins that involves distal vessels of the extremities.^[@R1]^ In this disease, the arteries and veins in various parts become inflamed and blocked.^[@R2]^ This condition leads to the poor circulation of the blood to the lower organs which is known as ischemia. Following the ischemia and limb pain, the organ is less tolerable to the activities. In the more advanced stages of the disease, pain, ulcer and blackening of the extremities may result in the "gangrene" that could eventually lead to the amputation.^[@R3]^

Several factors including tobacco usage, sex hormones, bacterial-viral etiology, environmental conditions and genetics are mentioned as the potential mechanisms behind the development of the disease; yet the etiology of the Buerger's disease is still unclear.^[@R4]^ It is shown however that all of the patients suffering from Buerger's disease are exposed to tobacco smoking,^[@R5],[@R6]^ thus complete cessation of tobacco usage is necessary in order to slow the progression of the disease and avoid amputation.

The literature on Buerger's disease suffers from the lack of definite universally accepted criteria establishing the diagnosis.^[@R7]^ One of the established characteristic features of the Buerger's disease is the recanalization of the thrombosed vessel and the presence of the corkscrew collateral around areas of segmental occlusion.^[@R8],[@R9]^ Corkscrew collateral arteries are developed by severe stenosis and occlusion of native arteries as neo‏-endovascularization.^[@R4]^ Corkscrew collaterals are in different types and sizes. Fujii et al^[@R10]^ classified the corkscrew collateral arteries based on the artery amplitudes. They found out that there is a relationship between the clinical severity of the Buerger's disease and type of the corkscrew collateral arteries. In another study,^[@R4]^ the flow-mediated vasodilation was compared in the native artery and the corkscrew collateral artery of the patients with Buerger's disease.

The combination of abnormal blood patterns and genetic predisposition could lead to the pathological formation of aneurysms.^[@R11]^ Formation and evolution or even rupture of aneurysms are directly related to their wall shear stress.^[@R12]^ Lots of studies are concerned with the effects of blood flow patterns on stenting arteries and it was found that the hemodynamic can change by using different stent geometries, therefore the risky sites which is prone to stenosis can change as well.^[@R13]^

Considering the above discussion, the study of blood flow within the corkscrew collateral arteries in Buerger's disease is of great importance since it may lead to the better understanding of the disease progression and its possible prevention. The conventional color Doppler method is unable to document the blood flow within tiny vessels because of the low resolution and low frame rates.^[@R14]^ There are more effective methods like advanced dynamic flow imaging, however these methods are incapable of investigating some of the effective parameters on blood flow like local axial velocity patterns, pressure distribution, and viscosity variations. The mathematical simulation of the blood flow within a Buerger's corkscrew collateral does not have the mentioned limitations while it can provide accurate realization of the flow regime inside the artery. Having reviewed the literature, the authors found that, although some studies like those of Fujii et al^[@R4],[@R10]^ attempted to study the flow-related effects on the corkscrew collaterals, there has not been any numerical study on the blood flow inside the corkscrew collaterals of the Buerger's disease.

In the present study, the computational fluid dynamics (CFD) simulation of the blood flow within the corkscrew collateral artery of the Buerger's disease is performed. The geometrical modeling of the artery is obtained based on the actual configurations of the corkscrew collateral of a 40 year old male patient with the Burger's disease. [Fig. 1](#F1){ref-type="fig"} is the CT-angiography image of the patient's leg. The location of the corkscrew artery is represented by red dots. The blood properties that are used in the presented simulation are the same as the actual blood properties of the patient. Flow patterns, velocity contours, pressure and kinematic viscosity in different segments of the corkscrew artery are studied and discussed further in the results and discussion section.
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Materials and methods {#s2}
=====================

Physical models and governing equations {#s2-1}
---------------------------------------

Real geometry of the artery was constructed based on the CT-angiography images of a 40 year old male heavy smoker patient who was diagnosed with the Buerger's disease in one of Mashhad hospitals. In order to achieve a more accurate geometry of the corkscrew. As it is demonstrated in [Fig. 2](#F2){ref-type="fig"}, this artery has many curvatures with lots of non-planarities that causes the blood flow to have a complex pattern.
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The governing equations are continuity and Navier--Stokes equation expressed as:

$$\overset{\rightarrow}{\nabla}.\overset{\rightarrow}{V} = O$$

$$\rho(\frac{\partial\overset{\rightarrow}{V}}{\partial t} + \overset{\rightarrow}{V}.\overset{\rightarrow}{\nabla}\overset{\rightarrow}{V}) = - \overset{\rightarrow}{\nabla}P + \overset{\rightarrow}{\nabla}.(\mu\overset{\rightarrow}{\nabla}\overset{\rightarrow}{V})$$

Where $\overset{\rightarrow}{V}$ is the velocity vector, *P* is pressure, *µ* is dynamic viscosity of blood, and *ρ* is density. Velocity inlet boundary condition is applied at the inlet of the artery where the blood is pumped with the volumetric flow rate of 40 ml/min. In the present study, the blood properties that are used in the simulation are based on the actual properties of the patient's blood sample. The blood is considered as an incompressible fluid with the density of ρ=1056 kg/m^3^ and the vessel walls are assumed rigid with non-slip condition.

It is commonly believed that the influence of shear thinning properties of blood can be neglected for the flow in large arteries,^[@R15],[@R16]^ however, in arteries with acute curvature such as the presented case, the shear thinning effects should be considered. Moreover, the blood properties of a heavy smoker make it to behave as a non-Newtonian fluid. In this study, the shear thinning is accounted for by employing the Carreau-Yasuda model.^[@R17]^

$$\frac{\widetilde{\eta}(\overset{˙}{\widetilde{\gamma}}) - {\widetilde{\eta}}_{\infty}}{{\widetilde{\eta}}_{0} - {\widetilde{\eta}}_{\infty}} = {\lbrack 1 - {(\lambda\overset{˙}{\widetilde{\gamma}})}^{a}\rbrack}^{\frac{n - 1}{a}}$$

In Eq. 3, ${\widetilde{\eta}}_{0}$ and ${\widetilde{\eta}}_{\infty}$ represent low and high viscosities, respectively. $\overset{˙}{\widetilde{\gamma}}$ is shear rate. Constant parameters a, n, λ and control how the fluid behaves in the non-Newtonian regime between these two viscosity values. The model parameters are taken from^[@R18]^ as ${\widetilde{\eta}}_{0}$ and${\widetilde{\eta}}_{\infty}$=0.1600 Pa s, ${\widetilde{\eta}}_{\infty}$ =0.0048 Pa s, λ=0.110 s, *a*=0.64, and *n*=0.2128.

Numerical method and validations {#s2-2}
--------------------------------

The governing equations are solved by the open source software Open FOAM. Non-Newtonian blood behavior is modeled by standard solver non-Newtonian ICO Foam. ICO FOAM is a solver for incompressible, laminar flow which works based on PISO (pressure-implicit splitting operator) algorithm. In order to validate the blood flow with the available data in the literature, the experimental results of^[@R19]^ through a 90 degree bend with the radius of 4 mm and curvature radius of 24 mm was used. As shown in [Fig. 3](#F3){ref-type="fig"}, the axial velocity profiles at different cross sections are in good agreement with the laser Doppler experimental results in Reynolds number of 300.
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Extensive computations were performed to identify the number of grid points that produce reasonably grid-independent results. It was found that the minimum grid cells of 390000 are required. Due to the length and complexity of the corkscrew geometry, it is necessary to divide the geometry into 10 parts and create grid network for each part separately, then by connecting these parts together the whole geometry mesh is formed.

Results {#s3}
=======

Since the important features of the flow patterns happen at the artery bends and due to its lengthiness, the artery is divided into three segments (a, b, and c) to present results in each segment separately. The artery and its segments are depicted in [Fig. 4](#F4){ref-type="fig"}. The first segment (*a*) starts from the inlet and consists of six cross sections that are mostly located at the bends in order to investigate flow in these areas. Segment (*b*) starts from the end of segment (*a*) and consists of 9 bends as well as 9 cross sections at these bends ([Fig. 4](#F4){ref-type="fig"}). Segment (*c*) is the final segment of the artery and it is started from the end of segment (b) to the outlet. It has six curves and six cross sections as well ([Fig. 4](#F4){ref-type="fig"}). Flow patterns will be discussed along these cross sections later. All of the results are discussed for each of these different sections separately. The kinematic viscosity is provided in [Fig. 5](#F5){ref-type="fig"}. While the blood flow distribution for each of the artery segments along with the axial velocity profiles are provided in [Figs. 6](#F6){ref-type="fig"}-[9](#F9){ref-type="fig"}. At the end, the pressure distribution is given in [Fig. 10](#F10){ref-type="fig"}. The detailed discussions for each of the mentioned results are provided in the following discussion section.
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Discussion {#s4}
==========

Kinematic viscosity distribution {#s4-1}
--------------------------------

Kinematic viscosity is the ratio of the dynamic viscosity μ to the blood density. Blood behaves as a non-Newtonian fluid but it is mostly assumed as Newtonian fluid in large arteries (arteries with diameter greater than 1 mm). This artery is categorized as a large artery but since it consists of many successive bends, therefore shear tinning behavior of blood becomes significant. Moreover, due to the blood properties which are those of a heavy smoker, in the present study, blood non-Newtonian behavior must be considered. As it is obvious from [Fig. 5](#F5){ref-type="fig"}, there are significant changes in blood viscosity through this artery. It demonstrates the non-Newtonian behavior of blood flow through corkscrews. Sites that are designated with dark blue color are locations where blood has less viscosity and in the places with yellow-red color, it can be seen that blood has higher viscosities; therefore, in segment (*a*) blood has more viscosity as compared with segment (*b*).

Blood flow distribution {#s4-2}
-----------------------

Segment (*a*) is the first section of the artery and it consists of 6 cross sections. As it is shown in [Fig. 6](#F6){ref-type="fig"}, in these cross sections, the axial velocity contours of blood are displayed and the amount of velocity is specifically determined in each cross section. [Fig. 6](#F6){ref-type="fig"} shows that the blood flow has a fully developed profile in cross section a1. The maximum value for axial velocity occurs in the center which decreases as it tends to the artery wall. This velocity profile remains the same in cross section a2. Cross sections a3-a5 are located in two successive bends with sharp curvature that affects the blood flow distribution as a result of centrifugal forces. In cross section a3 and a4, the maximum axial velocity occurs at the outer wall of the bend. The inner wall experienced axial velocity values close to zero which increases the chance for the flowing particles in blood like nicotine to settle on artery walls. In the next bend (a6 cross section) there is an opposite trend due to the changing of the bend curvature in the opposite direction. Thus, this time the bend outer wall is faced with minimum axial velocity values.

In order to have a more detailed view of the axial velocity profile on three cross sections of a3-a5, they have been plotted along the diameter of these sections from inner side on the cross section to the outer ([Fig. 7](#F7){ref-type="fig"}). Axial velocity profile in cross section a3 shows that the maximum axial velocity is almost located close to the outer wall of the bend and this trend remains the same for the next cross section a4. However in cross section a4, because of the primary effect of the next bend, axial velocity profile declines to the inner wall of the bend. Axial velocity profile of cross section a5 which is shown in [Fig. 7](#F7){ref-type="fig"} illustrates that the maximum axial velocity is located close to the inner side of the bend as it is still affected by the previous bend.

[Fig. 8](#F8){ref-type="fig"} shows the axial velocity distribution of blood flow in different cross sections of the segment (*b*). Because this segment does not have large bends and the Reynolds number is small (blood viscosities of heavy smokers are higher than those of non-smokers and the blood flow rate within this narrow artery is too low), the blood flow velocity profile is mostly the same in all these cross sections through most of this segment. As it is obvious from [Fig. 8](#F8){ref-type="fig"}, the flow rate through the artery is constant but as the area of the cross sections are varied along the artery, the amount of blood flow velocity can be different depending on the area of the cross section; therefore, the velocity increases in b6 and b7 as a result of their smaller cross section area.

Blood flow distribution in segment (*c*) of the corkscrew is shown in [Fig. 9](#F9){ref-type="fig"}. In most of this segment, the blood flow has a parabolic profile and its maximum values occur at the center of the respected cross sections except for the cross section c1, which occurs at the outer wall of the artery under the effect of its previous bend. In segment (*c*), the flow velocity in large areas around the artery wall experiences really low values that causes the existence of sites which are more prone to the accumulated nicotine particles. Blue color indicating the lowest velocity is observed in most of the areas of cross sections C4 and c6 while they are mostly affected by the large bends and their centrifugal forces to push the maximum velocity to the outer wall of the bend.

Pressure {#s4-3}
--------

Pressure distribution is seen in [Fig. 5](#F5){ref-type="fig"}. It is obvious that the pressure decreases along the artery. This artery has many successive bends that reduce the pressure along its length. This pattern for pressure distribution is almost obvious in all of the arteries in human body which consists of lots of bends along its axial direction.^[@R20]^ To have an accurate understanding of pressure drop in each segment, they are separately presented. As shown, the most pressure drop happens in segment (*c*). The pressure range is more than 0.7 pa; it is because of multiple successive large bends.

Conclusion {#s5}
==========

The CFD simulation of the blood flow within the corkscrew collateral artery of the Buerger's disease was implemented for the first time in this artery. The geometry of the corkscrew collateral was created based on the CT-angiography images of a patient diagnosed with the Buerger's disease. The blood properties that are used in the presented modeling are the same as the blood properties of a heavy smoker patient suffering from the Buerger's disease. The blood flow rate is taken from the available experimental measurements of the literature. The artery was divided into three segments and the blood flow patterns, pressure distribution, and kinematic viscosity variations were investigated along the artery. It was found that due to the variations of the viscosity along the artery with the multiple successive bends such as this one, the blood viscosity behavior must be considered non-Newtonian as it was done so in this study. Furthermore, the pressure distribution was investigated and it was found that the amount of pressure drop is different in different segments of the artery. Moreover, since the geometry of the corkscrew artery is very complex, it affects the blood flow patterns that could lead to the existence of some potential sites that are prone to the accumulations of the flowing particles in blood like nicotine in those places.
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Research Highlights {#s8}
===================

What is current knowledge?√ Buerger's disease is an inflammatory, occlusive disease of small and medium-sized arteries and veins.√ The etiology of the Buerger's disease remains unclear.√ All of the patients suffering from Buerger's disease are exposed to tobacco smoking.√ Presence of the corkscrew collaterals around the areas of occlusion is an established feature of the Buerger's disease.√ There is a relationship between the severity of the Buerger's disease and the features of the corkscrew collateral artery.What is new here?√ The first CFD simulation of blood flow inside the Buerger's disease corkscrew artery is performed.√ Geometry, blood properties, and flow rate are those of the patient with the disease.√ Presence of sites with the accumulation of particles like nicotine is identified.√ The non-Newtonian viscosity changes in different segments of the artery are studied.√ Pressure distributions along the different segments of the artery are investigated.
